1. Introduction {#sec1}
===============

Thermal energy storage (TES) has recently become an important tool for energy management and an effective way to address environmental concerns related to fossil fuel depletion, air pollution, and greenhouse gas emission. TES systems store excess thermal energy for later use, thereby providing an effective solution toward more efficient use of energy. They reduce the mismatch between energy demand and availability, enhance the reliability of energy distribution, and improve the management of renewable energy sources, which often exhibit an intermittent nature (e.g., solar, wind, geothermal).^[@ref1]−[@ref3]^

The most important class of materials for TES in the temperature range between 0 and 100 °C is represented by the organic solid--liquid phase change materials (PCMs), such as paraffin waxes, fatty acids, and poly(ethylene glycol)s. Thanks to their high enthalpy of fusion/crystallization, these PCMs can store and release a considerably high amount of energy as latent heat during melting and freezing, in a relatively small mass and volume.^[@ref4],[@ref5]^ Since the temperature of the storage medium is maintained nearly constant throughout the whole phase change, these PCMs are also suitable for applications of temperature regulation, e.g., in indoor environments, and as passive cooling media for electronic devices.^[@ref1],[@ref6]−[@ref8]^ Additional advantages include their chemical inertness, thermal stability, small volume change at phase transition, large availability, and low cost.^[@ref5],[@ref9]^

However, organic PCMs exhibit low thermal conductivity and need to be confined to avoid leakage above the melting temperature.^[@ref4],[@ref10],[@ref11]^ There are many strategies to address these drawbacks: the PCM can be encapsulated in macro-, micro-, or nanoshells, or "shape-stabilized" using polymer matrices, porous or layered materials, or nanofiller networks.^[@ref2],[@ref12]−[@ref14]^ However, one of the most effective strategies to address both the critical shortcomings of PCMs is microencapsulation,^[@ref4],[@ref15]−[@ref18]^ intended as the inclusion of the PCM in a stable polymeric or inorganic shell of micrometric dimensions. The shell not only prevents PCM leakage but also inhibits undesired reactions with the surrounding environment and contributes toward accommodating volume changes during phase transition. Microencapsulation also increases the specific surface area of the storage medium, thereby enhancing the thermal exchange surface and increasing the charge/discharge efficiency, which partially addresses the issue of the low thermal conductivity.^[@ref19]^ A PCM can be microencapsulated through several physical, physical--chemical, and chemical techniques. Among these, the most diffused, researched, and developed on an industrial scale is in situ polymerization, which results in the inclusion of the PCM droplets in thin and lightweight polymer shells and allows great versatility in terms of capsule size (0.05--1000 μm), shell thickness, and chemical composition.^[@ref20]−[@ref22]^

Microencapsulation eases PCM handling and dispersion in solid and liquid media. PCM microcapsules have been traditionally added to construction materials to enhance the thermal management of buildings,^[@ref23],[@ref24]^ but innovative approaches involve their embedment in polymer matrices to produce smart thermoregulating polymer composites for multiple applications, including fibers,^[@ref25]^ packaging materials,^[@ref26]^ solar energy collectors,^[@ref19]^ anti-icing coatings,^[@ref27]^ and materials for electronics.^[@ref28]^

In a polymer composite, the interface between the discontinuous phase(s) and the matrix plays a fundamental role in determining the final mechanical properties. Defects at the filler/matrix interface can originate from poor chemical compatibility and/or a mismatch in the thermal expansion coefficients of the involved phases, as the production process of polymer composites generally requires steps at high temperatures.^[@ref29]^ In a composite material containing PCM microcapsules, an additional issue is represented by the repeated thermal cycles, which cause repeated volume variations of the PCM. This could further damage the interphase zone, thereby causing microcracks and debonding phenomena that deteriorate the mechanical properties and thermal conductivity and shorten the service life of the component. The damage at the interface could also undermine the mechanical integrity of the capsule shell, thereby favoring PCM leakage and reducing the energy storage capability of the composite.^[@ref30]−[@ref33]^

Despite being such a critical aspect, the adhesion between PCM microcapsules and a polymer matrix has not been the subject of intensive investigations so far. One of the few research studies is that of Su et al.,^[@ref31],[@ref32]^ who prepared paraffin microcapsules with a melamine--formaldehyde shell and studied the effect of methanol addition during the capsule preparation. They concluded that the methanol modification enhanced the adhesion with an epoxy resin due to the increasing molecular interaction at the interface, which led to better mechanical performance also after several thermal cycles. A more detailed insight on the study of the interfacial adhesion between polymer matrices and polymer microcapsules can be found in the field of self-healing composites. In these materials, a good capsule/matrix adhesion is fundamental, as it determines crack propagation across the capsules and not at the interface, thereby allowing the release of healing agents in the crack zone.^[@ref34]^ The scientific literature reports numerous studies on the modification of polymer microcapsules via the addition of silane compounds during (in situ)^[@ref35],[@ref36]^ or after (a posteriori)^[@ref37]−[@ref40]^ the microcapsule synthesis. However, these works focus almost exclusively on the modification of urea--formaldehyde resin, while there is considerable lack of investigation on melamine--urea--formaldehyde (MUF) or melamine--formaldehyde (MF) microcapsules, which are by far the most common and commercially available shells containing a PCM, due to the low cost, thermal stability, and the easily controlled production process.^[@ref31]^

Previous research^[@ref41]−[@ref47]^ highlighted nonoptimal adhesion between MF microcapsules and polymers such as epoxy, acrylic resins, and polyamides, which resulted in a considerable decrease in the mechanical properties of the produced composite. Due to the lack of reactive functional groups of a fully cured MF surface, the a posteriori modification of the microcapsule surface presents considerable challenges, especially when addressed with traditional surface modification techniques like silane chemistry.

Among the possible alternative treatments, a method that has attracted increasing attention in the last decade is the deposition of polydopamine (PDA).^[@ref48]^ PDA is a bioinspired synthetic polymer that has emerged as one of the most powerful tools for broad applications, as it allows the production of continuous layers with relative simplicity and noteworthy versatility and exhibits great adhesion onto a great variety of metallic, polymeric, and ceramic surfaces.^[@ref49]−[@ref53]^ It is particularly appealing to functionalize chemically inert surfaces; it has been employed to improve the fiber/matrix interfacial adhesion of highly inert reinforcing fibers, such as ultra-high-molecular-weight polyethylene (UHMWPE) and poly(*p*-phenylene-2,6-benzobisoxazole) (PBO) fibers.^[@ref54],[@ref55]^ Produced by the self-polymerization of dopamine, PDA contains catechol and amine groups and presents a chemical composition analogous to that of the mussel adhesive proteins.^[@ref56],[@ref57]^ Due to its unique chemistry and the interesting assortment of reactive functional groups, this bioinspired coating can act as a compatibilizer in multiple filler/matrix systems and can be subsequently functionalized.^[@ref54],[@ref58]^ PDA has been proven to be effective in improving the filler--matrix adhesion with several types of fillers (e.g., nanoclays,^[@ref59]^ carbon nanotubes^[@ref60]^), but a very limited number of articles can be found on the application of this coating procedure to formaldehyde-based resins and, to the best of the authors' knowledge, no articles have been published on the coating of PCM microcapsules with PDA.

The aim of the present work is to modify the surface of commercial PCM microcapsules, which have a shell of formaldehyde-based resin, through the deposition of dopamine. The PDA layer, which was instantly formed by the oxidative polymerization of the applied dopamine, improved the interfacial adhesion with an epoxy matrix. Therefore, the novelty of this work is not the synthesis of the PCM microcapsules but the successful coating of such microcapsules with a layer of PDA, and the proof that this coating remarkably improves the adhesion with an epoxy matrix. In fact, these commercial microcapsules have been observed to have great potential as PCMs for thermal management applications, but they have poor adhesion with an epoxy matrix. This work specifically focuses on employing microscopy techniques to study how the interphase between the microcapsules and the epoxy matrix varies between uncoated and coated capsules, and on investigating how the PDA layer influences the heat storage properties and the mechanical stiffness of the microcapsules. This work expands the potentialities of PDA coatings to the field of polymers containing PCM microcapsules, as the coating procedure was proven to be mild enough to preserve the integrity of the thin microcapsule shell and effective in increasing the interaction with an epoxy resin.

2. Materials and Methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

The microencapsulated PCM Microtek MPCM43D was procured from Microtek Laboratories (Dayton, OH). The PCM phase consists of paraffin wax with a melting temperature of 43 °C, encapsulated inside a formaldehyde-based resin shell constituting 10--15% of the mass. These microcapsules are characterized by an average diameter of 17--20 μm, and the declared melting enthalpy is 190--200 J/g. This microencapsulated PCM will henceforth be labeled MC. The bicomponent epoxy system Elan-tech EC157/W342 was kindly provided by Elantas Europe S.r.l. (Collecchio, Italy). Dopamine hydrochloride and amino-2-(hydroxymethyl)propane-1,3-diol (TRIS buffer, Trizma) were purchased from Sigma-Aldrich (Steinheim, Germany). Acetone was supplied by Fisher Scientific (Nidderau, Germany). Deionized water was prepared employing a PURELAB Chorus 2+ water purification system (Elga LabWater, High Wycombe, U.K.). Bisphenol A diglycidyl ether (2-\[\[4-\[2-\[4-(oxiran-2-ylmethoxy)phenyl\]propan-2-yl\]phenoxy\]methyl\]oxirane, DGEBA) was supplied by Sigma-Aldrich (Steinheim, Germany).

2.2. Preparation of PDA-Coated Microcapsules {#sec2.2}
--------------------------------------------

Dopamine hydrochloride (2.0 g, as supplied) was added to 600 mL of TRIS solution (0.1 mol/L) in an uncovered beaker and dissolved in an ultrasonic bath (VWR International, Leuven, Belgium) at room temperature. Then, 15 g microcapsules were slowly added to the dopamine solution under vigorous magnetic stirring (1000 rpm). In the uncovered beaker, the suspension was stirred for 24 h at room temperature. The formation of PDA became visible by the umber staining of both the suspension and the microcapsule surfaces. The PDA-coated microcapsules were filtered off under vacuum by a Büchner funnel lined with a Sartorius 389 filter (Sartorius AG, Göttingen, Germany). The coated microcapsules were rinsed twice with 50 mL of deionized water before each cycle of drying under vacuum at room temperature for 4 h. Washing and drying cycles were repeated to a constant weight of the surface-modified microcapsules. After their modification, the formerly white microcapsules were dark brown, which indicated the presence of insoluble and irreversibly bonded PDA layers on their surfaces, as evidenced in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Photograph of neat and PDA-coated microcapsules.](ao0c02271_0001){#fig1}

The PDA reference material was synthesized by adding 20 g of dopamine hydrochloride (as supplied) to 600 mL of TRIS solution (0.1 mol/L) in an uncovered beaker. Dopamine polymerization was performed at room temperature for 24 h. The black-brownish polymer was filtered, washed twice with deionized water (100 mL), and dried under vacuum to a constant weight.

2.3. Reaction of Neat and PDA-Coated Microcapsules with an Oxirane-Carrying Molecule {#sec2.3}
------------------------------------------------------------------------------------

The surface reactivity of the PDA-coated microcapsules was assessed by investigating the cross-linking reaction with an oxirane-carrying molecule, namely, the DGEBA. Coated microcapsules (1 g) were introduced into a 20 mL glass vial. Then, 5 mL of DGEBA was added. The suspension was stirred for 4 h utilizing a magnetic stirrer. The microcapsules were separated by vacuum filtration with a Sartorius 389 filter. To remove unbound DGEBA, the microcapsules were rinsed twice with 20 mL of acetone. The DGEBA-cross-linked PDA-coated microcapsules were dried under vacuum at room temperature for about 1 h. The surface investigation was performed through X-ray photoelectron spectroscopy (XPS), as described in [Section [2.5.3](#sec2.5.3){ref-type="other"}](#sec2.5.3){ref-type="other"}.

2.4. Preparation of the MC-Filled Epoxy Composites {#sec2.4}
--------------------------------------------------

MC-filled epoxy composites were produced by mixing the epoxy base EC157 and the hardener W342 in a weight ratio of 100:30, as suggested by the manufacturer.^[@ref61]^ Neat or PDA-coated microcapsules were added to the epoxy preparation in a weight fraction of 10 wt % and stirred with a SpeedMixer DAC 400 FVZ (Landrum, SC) at 1000 rpm for 1 min, to ensure a homogeneous dispersion. The mixtures were degassed for 5 min, cast in stainless-steel molds, and cured at 100 °C for 10 h.^[@ref61]^ The curing was followed by slow cooling to room temperature.

2.5. Characterization of the Neat and PDA-Coated Microcapsules {#sec2.5}
--------------------------------------------------------------

### 2.5.1. Scanning Electron Microscopy (SEM) {#sec2.5.1}

The morphology and roughness of the neat and PDA-coated microcapsules were studied by a Zeiss Gemini Neon 40ESB scanning electron microscope (Oberkochen, Germany). The powder samples were prepared on SEM stubs equipped with conductive tape. Further application of conductive coating was avoided, so as not to alter the surface morphology of the samples. The microcapsules were analyzed under high-vacuum conditions, and a low acceleration voltage (1 kV) and a small beam aperture (20 μm) were employed to achieve the best image quality and avoid electrostatic charging. The images were acquired with the secondary electron (SE) sensor.

### 2.5.2. Atomic Force Microscopy (AFM) {#sec2.5.2}

AFM tests were carried out to study the morphology and surface roughness before and after PDA coating. Neat and PDA-coated microcapsules were glued with double-sided tape on glass slides. The measurements were done in the peak force tapping mode by a Dimension FastScan atomic force microscope (Bruker-Nano, Santa Barbara) equipped with silicon nitride sensors ScanAsyst Fluid+ (Bruker) with a nominal spring constant of 0.7 N/m and a tip radius of 2 nm. The setpoint was 0.04 V. The mean roughness *S*~a~ was calculated through the program NanoScope Analysis 1.9 (Bruker-Nano, Santa Barbara) after removing the curvature of the spheres by a sixth-order flatten command.

### 2.5.3. X-ray Photoelectron Spectroscopy (XPS) {#sec2.5.3}

XPS was carried out to study the surface chemistry and functional groups of the neat and PDA-coated microcapsules, and to study the different surface reactivities, molecular interactions, and chemical bond formations when the microcapsules were reacted with DGEBA (see [Section [2.3](#sec2.3){ref-type="other"}](#sec2.3){ref-type="other"}). Four samples were analyzed with this technique, namely, (i) the neat microcapsules, (ii) the PDA-coated microcapsules, (iii) the PDA-coated microcapsules reacted with DGEBA, and (iv) the PDA-coated microcapsules reacted with DGEBA. All of the XPS studies were carried out by means of an Axis Ultra photoelectron spectrometer (Kratos Analytical, Manchester, U.K.). The spectrometer was equipped with a monochromatic Al Kα (*h*ν = 1486.6 eV) X-ray source of 300 W at 15 kV. The kinetic energy of photoelectrons was determined with a hemispheric analyzer set to a pass energy of 160 eV for wide-scan spectra and 20 eV for high-resolution spectra. Employing a double-sided adhesive tape (3M Company, Maplewood, MN), the powder samples were prepared as thick films on a sample holder that allowed their introduction in the recipient of the XPS spectrometer. During all of the measurements, electrostatic charging of the sample was avoided by means of a low-energy electron source working in combination with a magnetic immersion lens. All of the recorded peaks were shifted by the same value that was necessary to set the C 1s peak to 285.00 eV. Quantitative elemental compositions were determined from peak areas using experimentally determined sensitivity factors and the transmission function of the spectrometer. Spectrum background was subtracted according to Shirley.^[@ref62]^ The high-resolution spectra were deconvoluted by means of Kratos spectra deconvolution software (Kratos Analytical, Ltd., Manchester, U.K.). Free parameters of component peaks were their binding energy (BE), height, full width at half-maximum (FWHM), and the Gaussian--Lorentzian ratio. The interpretation of the origins of the component peaks was performed according to the determined binding energy values.^[@ref63]^

### 2.5.4. Fourier Transform Infrared Spectroscopy (FTIR) {#sec2.5.4}

The FTIR spectra of the neat microcapsules, PDA-coated microcapsules, and PDA as the reference coating material were recorded in the attenuated-total reflection (ATR) mode (Golden Gate accessory with diamond crystal, Specac Limited, Orpington, England) using an FTIR spectrometer Tensor 27 (Bruker Optics GmbH, Ettlingen, Germany). All samples were placed on the horizontal ATR diamond crystal. A reference spectrum was recorded from the pure ATR crystal. A total of 100 interferograms were co-added at a spectral resolution of 2 cm^--1^. The interferograms were Fourier transformed applying Blackman--Harris-3 apodization and zero filling factor of 2.

Calculated absorbance spectra were subjected to atmospheric compensation, limited to the fingerprint region (1900 cm^--1^ to about 600 cm^--1^), the baseline function of OPUS software was used (2 pt. baseline---two iterations concave rubber band method), and normalized to the height of the band appearing at 716 cm^--1^.

### 2.5.5. Colloidal Probe AFM Tests (CP-AFM) {#sec2.5.5}

Mechanical characterization of microcapsules was performed on MFP-3D (Asylum Research, Oxford Instruments, Santa Barbara, CA) equipped with an optical microscope Axio Observer Z1 (Zeiss, Oberkochen, Germany). For colloidal probe preparation, silica beads (5 μm, SiO~2~ probe particles, microParticles GmbH, Berlin, Germany) were glued with a bicomponent epoxy adhesive (UHU Plus Endfest, Buhl, Germany) on cantilevers with spring constants of 25.6 and 24.4 nN/nm (NCS35/NoAl/tipples, Mikromasch Europe, Wetzlar, Germany) and thermally treated overnight at 80 °C. Spring constant calibration was performed by the thermal noise method according to Hutter and Bechhoefer.^[@ref64]^ Calibration of the cantilever sensitivity was performed on a hard surface before and after the measurements. Single-microcapsule force--deformation experiments were done at a velocity of 1 μm/s at the apex of the microcapsules. Microcapsules were fixed to the surface by a thin layer of poly(ethyleneimine) and measured in water at 50 °C after an equilibration time of 1 h to ensure the complete melting of the paraffinic core. The microcapsule size was measured by the inverted microscope before the deformation experiments. The stiffness of the microcapsule shells was calculated from the linear slope at a small deformation regime.^[@ref65]^

### 2.5.6. Differential Scanning Calorimetry (DSC) {#sec2.5.6}

DSC was performed to measure the most important thermal properties of a PCM, such as the phase transition enthalpies and temperatures, and to evaluate their changes after the coating process. Powder samples of approx. 5 mg were placed in standard aluminum DSC pans and analyzed with a TA Instruments Q2000 calorimeter (New Castle, DE). Each sample was subjected to a heating/cooling/heating cycle at 10 °C/min from −20 to 80 °C, under a nitrogen atmosphere. The test allowed the measurement of the peak temperature and enthalpy of each phase transition and an evaluation of the variation in the core-to-shell mass ratio after the coating.

### 2.5.7. Thermogravimetric Analysis (TGA) {#sec2.5.7}

TGA was performed to assess the evolution of the thermal resistance of the coated capsules. A TA Instruments Q500 thermo-balance (New Castle, DE) was employed to record thermograms from approx. 5 mg of the powder samples. The samples were heated up to 700 °C at a heating rate of 10 °C/min, under a nitrogen atmosphere. The tests allowed the determination of the temperatures corresponding to mass losses of 1, 3, and 5 wt % (*T*~1%~, *T*~3%~, *T*~5%~), the temperature at the maximum degradation rate, corresponding to the peak of the mass loss derivative (*T*~d~), and the residual mass after the test (*m*~r~).

### 2.5.8. Temperature-Controlled (Hot-Stage) Optical Microscopy {#sec2.5.8}

The melting of the core of the microcapsules depending on the temperature has been investigated by an optical microscope equipped with a hot stage. MC was placed on a light microscopy glass slide on a temperature-controlled stage LTS-420 (Linkam, Surrey, U.K.) and heated from rt to 50 °C and recooled to rt. Visual images have been recorded with an Axio Imager (Carl Zeiss Microscopy GmbH, Jena, Germany). Temperature-controlled microscopy was performed on the neat microcapsules and the PDA-coated microcapsules.

2.6. Characterization of the MC-Filled Epoxy Composites {#sec2.6}
-------------------------------------------------------

SEM micrographs of the fracture surface of the prepared composites were recorded to visually observe the modification of the adhesion and the interfacial region after PDA coating, to study the fracture morphology and propagation, and to measure the thickness of the coating as a function of the deposition parameters. The MC-containing epoxy composites were prepared as described in [Section [2.4](#sec2.4){ref-type="other"}](#sec2.4){ref-type="other"}. Then, the composites were cryofractured in liquid nitrogen and the fracture surface was investigated through SEM. The specimens were fixed on SEM stubs with conductive tape and investigated with a Zeiss Supra 60 field emission scanning electron microscope (FESEM; Oberkochen, Germany), after Pt--Pd sputtering.

3. Results and Discussion {#sec3}
=========================

3.1. Surface Morphology of Neat and PDA-Coated Microcapsules {#sec3.1}
------------------------------------------------------------

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--f shows the SEM micrographs of the neat and PDA-coated samples. The neat microcapsules appear spherical and with a smooth surface, while the surface roughness increases considerably for the PDA-coated microcapsules. The PDA layer presents a rough morphology with a globular appearance, which could contribute to the filler--matrix interfacial strength by mechanical interlocking. The PDA is deposited nearly uniformly on the whole MC surface, as is observable from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d. The coating led to a change in the microcapsule color, from white to brown, but this is not an issue for the proposed application.

![SEM micrographs of neat microcapsules (a, c, e) and PDA-coated microcapsules (b, d, f) at different magnifications.](ao0c02271_0007){#fig2}

The surface morphology and roughness of the PDA coating were studied quantitatively with AFM. From [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b, it can be seen that the neat microcapsule has a relatively smooth surface, while the PDA-coated microcapsule shows a nodular surface structure with varying nodule sizes. The mean surface roughness *S*~a~ increased from 9 nm for the neat MC, to 86 nm for the PDA-coated MC.

![Three-dimensional (3D) AFM images of (a) neat microcapsules and (b) PDA-coated microcapsules. Lateral image dimension 10 μm × 10 μm, color-coded height range 4 μm.](ao0c02271_0008){#fig3}

3.2. FTIR Spectroscopy {#sec3.2}
----------------------

Although FTIR is a widely used nondestructive method for many compounds, complex samples, and coatings, an accurate investigation of the structure of PDA through FTIR is still a challenge. The PDA polymer consists of a number of different monomer units with various oxidation states and chemical and physical linking, organized in different hierarchical aggregates.^[@ref66]^ Thus, absorption spectra of PDA do not contain well-resolved bands, as observed for single functional groups in defined compounds. On the contrary, wide and featureless spectra are often detected, which show the overlapping contributions of different functional units with absorption energies close to each other.

This is clearly observable from the ATR-FTIR spectrum acquired on PDA, shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} by a dashed line. This spectrum is reported with a constant vertical translation to facilitate the interpretation of the results. A complex PDA spectrum with broad bands was obtained as a result of different binding and oxidation states, a variety of cyclic hetero- or aromatic structures, and different bridging bonds and positions. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} also reports the ATR-FTIR spectra of the neat and PDA-modified microcapsules with a dotted and solid line, respectively. Both spectra show narrow hydrocarbon bands of the paraffin core, which is crystalline, and broader bands of the melamine--formaldehyde shell, as elucidated in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The PDA modification of the microcapsules can be evaluated by the increase in intensity between 1650 and 1050 cm^--1^. The subtraction of the spectrum of neat microcapsules from that of the PDA-modified microcapsules results in good approximation of the PDA spectrum. Most characteristic band positions and intensities are recovered for both the PDA spectrum and the subtracted one, shown as a red line. The spectral band positions of the PDA phase, reported in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, are consistent with other reports,^[@ref66]−[@ref70]^ and assignments are based on literature data and on the comparison with pyrrole, indole, and catechol structures.^[@ref71]^ These results prove that the ATR-FTIR technique is a fast and cost-effective characterization method to detect and investigate polymer shells and thin PDA coatings, even though they represent a small fraction of the total sample mass and their spectroscopic signals are not identified by sharp peaks.

![ATR-FTIR spectra of neat microcapsules (MC, dotted line), PDA-coated microcapsules (MC-PDA, solid line), and a polydopamine layer (PDA, dashed line). The difference spectrum (red line) was calculated by the subtraction of MC from MC-PDA.](ao0c02271_0009){#fig4}

###### Band Assignments for the Neat Microcapsules[a](#t1fn1){ref-type="table-fn"}

  wavenumber (cm^--1^)   intensity      band assignment       molecular structure                                  material                 refs
  ---------------------- -------------- --------------------- ---------------------------------------------------- ------------------------ --------------------------------
  1653                   vw, shoulder   δ(N--H)               N--H                                                 melamine--formaldehyde   ([@ref72])
  1548                   s, broad       ν                     triazine ring                                        melamine--formaldehyde   ([@ref73])
  1500                   s, broad       δ(C--H)               C--H, in CH~2~, CH~2~--OH, CH~2~--O--                melamine--formaldehyde   ([@ref71], [@ref74])
  1470                   vs             asymmetric, δ(C--H)   CH~2~                                                paraffin                 ([@ref72])
  1455                   s, broad       δ(C--H)               C--H, in CH~2~, CH~2~--OH, CH~2~--O--                melamine--formaldehyde   ([@ref71], [@ref73], [@ref74])
  1367                   w              symmetric, δ(C--H),   C--H, in CH~2~, CH~2~--OH, CH~2~--O--CH~2~, bridge   melamine--formaldehyde   ([@ref72])
  1341                   s, broad       ν(C--N)               aromatic C--N                                        melamine--formaldehyde   ([@ref73])
  1156                   s, broad       ν(C--N)               C--N/--CH~2~--O--                                    melamine--formaldehyde   ([@ref73])
  1070                   vw             symmetric, ν(C--O)    --CH~2~--O--CH~2~--, ether                           melamine--formaldehyde   ([@ref73])
  891                    m              twisting              C--H in CH~2~                                        paraffin                 ([@ref72])
  813                    s              δ                     triazine ring                                        melamine--formaldehyde   ([@ref73])
  755                    w              δ                     N--H, in amines, triazine ring                       melamine--formaldehyde   ([@ref73])
  716                    vs             δ, in-plane rocking   C--H in CH~2~                                        paraffin                 ([@ref72])

Abbreviations for band intensities. vw: very weak; w: weak; m: medium; s: strong; and vs: very strong.

###### Band Assignments for the PDA Phase[b](#t2fn1){ref-type="table-fn"}

  wavenumber (cm^--1^)   intensity    band assignment                                                  molecular structure                  structure unit                             refs
  ---------------------- ------------ ---------------------------------------------------------------- ------------------------------------ ------------------------------------------ --------------------------------
  3612--3140             w-m, broad   ν(OH)                                                            O--H                                 phenolic 36                                ([@ref66])
  ν(NH)                  N--H                                                                                                                                                          
  3033                   m, broad     ν(CH)                                                            aromatic C--H                        aromatic ring, pyrrole, indole             ([@ref66])
  2963                   w            ν~as~(CH)                                                        CH~3~                                                                           ([@ref66])
  2954                   w            ν~as~(CH)                                                        CH~2~                                                                           ([@ref66])
  2916                   m            ν~s~(CH)                                                         CH~3~                                                                           ([@ref66])
  2850                   m            ν~s~(CH)                                                         CH~2~                                                                           ([@ref66])
  1725                   w-m          ν(C=O)                                                           carbonyl group                                                                  ([@ref66], [@ref68])
  1574                   s            ν(C--C), δ(C--H)                                                 ring                                 aromatic ring, pyrrole, indole, catechol   ([@ref66], [@ref70])
  1502                   vs           ν(C--C), ν(C=N)                                                  aromatic C--C, C=N                   aromatic ring, pyrrole, indole             ([@ref66], [@ref68])
  1472                   w            ν(C=C)                                                           C--H                                 pyrrole, indole ring                       ([@ref68], [@ref75])
  1436                   s            ν~ring~(C--C) + ν(C--N) + δ(O--H), δ(C--H) + δ(N--H) + ν(C--N)   C--H, C--N, O--H                     aliphatic CH*~x~* indole ring              ([@ref66], [@ref67], [@ref69])
  1347                   m            ν~ring~(C--C) + ν(C--N) + δ(O--H)                                C--N, O--H, aromatic ring, C--N--C   aliphatic CH~*x*,~ indole ring             ([@ref66], [@ref67], [@ref75])
  1266                   w            ν(C--O) + δ(N--H) + δ(C--H), ν(C--O) + δ(C--H) + δ~ring~         C--O                                 catechol                                   ([@ref66], [@ref68]−[@ref70])
  1198                   s            δ(OH) + δ(CH), ν(C--O)                                           C--O--C, C--O                                                                   ([@ref66])
  1153                   w            δ (OH) + δ(CH), ν(C--O)                                          C--O                                                                            ([@ref66])
  1115                   w            δ(OH) + δ(CH) +ν(C--O)                                           C--O                                                                            ([@ref66])
  1035                   w            δ(CH) + δ(NH) + ν(C--O)                                          aromatic ring                        indole ring                                ([@ref66])
  954                    m            δ~ring~ + δ(C--H)                                                                                     indole ring                                ([@ref66])
  864                    m            γ(C--H)                                                                                               indole ring                                ([@ref66], [@ref67])
  807                    s            γ(C--H) + γ~ring~                                                                                     indole ring                                ([@ref66], [@ref67])
  632                    w                                                                                                                                                              
  589                    w                                                                                                                                                              
  455                    m                                                                                                                                                              

Abbreviations for band intensities. vw: very weak; w: weak; m: medium; s: strong; vs: very strong.

3.3. XPS Characterization {#sec3.3}
-------------------------

The results of the XPS investigation are summarized in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The C 1s spectrum of a cured melamine--formaldehyde sample should present peaks relative to the carbon atoms of the 1,3,5-triazine ring networks (expected at about 287.15 eV), the carbon atoms carrying amino groups (expected at about 286 eV), and---as usually found on all surfaces---saturated hydrocarbons (at 285.00 eV).^[@ref63]^ However, the recorded C 1s spectrum of the neat microcapsules ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) did not show the presence of amino groups; neither primary amino groups ([C]{.ul}--NH~2~) nor secondary amino groups ([C]{.ul}--NH--[C]{.ul}) were detected, as better explained below. Amino groups are able to open the oxirane rings of the epoxy molecules and initiate the formation of epoxy networks. Their absence on the surfaces of the microcapsules explains the poor adhesion in epoxy polymer matrices, as it hinders the formation of covalent bonds at the microcapsule--matrix interface.^[@ref76]^

![Wide-scan (left column), C 1s (middle column), and N 1s (right column) high-resolution XPS spectra recorded from (a) neat microcapsules, (b) neat microcapsules reacted with DGEBA, (c) PDA-coated microcapsules, and (d) PDA-coated microcapsules reacted with DGEBA.](ao0c02271_0010){#fig5}

According to the shape of the recorded C 1s spectrum, it can be assumed that the melamine--formaldehyde was cured in the presence of urea. During the hardening reaction, the urea molecules were condensed on the −OH groups of the intermediately formed hexamethylolmelamine. The chemical structure of the reaction product shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} confirms the C 1s spectrum recorded from the neat microcapsules depicted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a.

![Presumed chemical structure (cut out from the polymeric network) of the surface of the neat microcapsules derived from the C 1s high-resolution XPS spectrum ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The italic letters indicate the assignment of the carbon or nitrogen atoms to the component peaks of the C 1s (*B*, *C*, and *F*) and N 1s (*K* and *L*) spectra.](ao0c02271_0011){#fig6}

Photoelectrons escaped from the carbon atoms of the 1,3,5-triazine rings contributed to component peak *B* at 287.16 eV. The binding energy value found for that component peak was slightly lower than the value of the tertiary amino groups (\[^*C*^[C]{.ul}−\]~3~N, component peak *C* at 287.91 eV), which were not involved in the conjugated electron-rich π--electron systems of the triazine rings. According to the stoichiometry of structure **[1]{.ul}** ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), the intensity of component peak *C* was equal to that of component peak *F* at 289.03 eV that represents the carbonyl carbon atoms of the condensed urea molecules (\[NH−\]~2~^*F*^[C]{.ul}=O). Moreover, a further component peak *A* was observed at 285.00 eV. This component peak was caused by photoelectrons from carbon atoms bonded as saturated hydrocarbons (^*A*^[C]{.ul}*~x~*H*~y~*). As mentioned above, saturated hydrocarbons were always observed when the samples were prepared under ambient conditions or came in contact with the atmosphere.^[@ref63]^ However, this peak component could also be due to some paraffin diffused out of the capsules and partly covering the outer shell surfaces. The chemical inertness of the paraffin film also contributes to limit the chemical interaction between the epoxy matrix and the microcapsule surfaces. The corresponding N 1s spectrum ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, right column) was clearly composed of the two component peaks *K* and *L*. The binding energy value of the nitrogen atoms involved in the conjugated π--electron systems of the triazine rings (component peak *K*) was found at 398.63 eV, at a slightly lower energy than the value for the tertiary amines (\[C−\]~3~^*L*^[N]{.ul}) and the urea units (\[^*L*^[N]{.ul}H−\]~2~C=O), which were observed as component peak *L* at 399.84 eV.

To investigate in more detail the poor chemical reactivity of the neat microcapsule surface, an attempt was made to directly graft DGEBA on the untreated MC shell, via the sample preparation route described in [Section [2.3](#sec2.3){ref-type="other"}](#sec2.3){ref-type="other"}. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b shows the C 1s and N 1s spectra of these samples. As can be seen, neither the C 1s nor the N 1s spectrum showed significant differences in the spectra recorded from the neat microcapsules. In the case of successful grafting of DGEBA, the corresponding C 1s spectrum should be characterized by an intensive component peak at approx. 286.4 eV, resulting from alcohol ([C]{.ul}--OH) and ether ([C]{.ul}--O--[C]{.ul}) groups formed after the ring-opening reaction of the oxirane groups. From the absence of this characteristic component peak, it can be concluded that DGEBA was not bonded to the surface of the microcapsule sample, which implies the impossibility of direct grafting of oxirane group-carrying substances on the microcapsule surface.^[@ref76]^

After the deposition of dopamine and its polymerization to PDA, the C 1s spectrum of the PDA-coated microcapsules ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c) showed the characteristic shape found for PDA.^[@ref77]^ Electron transitions between π- and π\*-orbitals cause not only the dark color observed after the polymerization of dopamine but also intense shake-up peaks (Sh) in the high-resolution C 1s spectrum ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c, middle column). The C 1s area remaining after subtraction of the shake-up peaks was deconvoluted into five component peaks, which confirmed the number of different structural units in the PDA molecules. At low energy, the component peak Ph (284.53 eV) evidences the presence of sp^2^-hybridized carbon atoms of the PDA phenyl rings, whereas the ^*B*1^[C]{.ul}--N bonds in the amino groups led to component peak *B*1 at 285.83 eV. Since its intensity was two-thirds of component peak Ph, it can be concluded that preferably secondary amino (^*B*1^[C]{.ul}--NH--^*B*1^[C]{.ul}) groups and cyclic imide (^*B*1^[C]{.ul}=N--^*B*1^[C]{.ul}) were formed during the polymerization of dopamine ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Component peak *C*1 at 286.49 eV was assigned to the carbon atoms carrying the phenolic OH groups of the catechol units (^*C*1^[C]{.ul}--OH). Its intensity was smaller than that of component peak *C*1, even though, according to chemical structures **[2]{.ul}** and **[3]{.ul}** suggested in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, the intensities should be equal, \[*C*1\] = \[*B*1\]. This may be due to the fact that some of the catechol groups were present in their oxidized form. During the polymerization of dopamine, oxidation reactions are in equilibrium with reduction reactions. Photoelectrons escaping from the carbon atoms of remaining quinonelike structures **[4]{.ul}** (^*D*1^[C]{.ul}=O) were collected as component peak *D*1 at 287.29 eV. The sum of the intensities of component peaks *D*1 and *C*1 exactly equaled the intensity of component peak *B* (\[*D*1\] + \[*C*1\] = \[*B*1\]), which corresponds to the stoichiometric ratio in the binding states of the carbon atoms suggested in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The findings also supported the assumption that cyclic amine and imine structures were preferably formed during the oxidative polymerization of dopamine.

![Characteristic subunits from the chemical structure of PDA. Italic letters denote the assignment of the carbon and nitrogen atoms to the component peaks in the C 1s and N 1s high-resolution spectra.](ao0c02271_0012){#fig7}

Also, the N 1s spectrum of the PDA-coated microcapsules is different from that recorded on the neat microcapsules. Besides component peaks *K* and *L*, it was necessary to introduce a third component peak *M* (401.65 eV), showing protonated amino groups (C--^*M*^[N]{.ul}^+^H~2~--C). Unlike the reacted urea groups in structure **[1]{.ul}** ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), the secondary amines of PDA (**[2]{.ul}**) contain a basic nitrogen atom that can be easily protonated in an aqueous environment. The nonprotonated nitrogen atoms of the amino groups were identified as component peak *L* at 399.93 eV.

The ratio of the two component peaks \[*M*\]:\[*N*\] illustrates the protonation/deprotonation equilibrium of the amino groups. For the subsequent reaction with epoxides, it is essential that the intensity of component peak *M* is small compared to that of component peak *L*, because the protonated species can neither initiate the opening of the oxirane rings nor be involved in the epoxy cross-linking reactions. Due to the high electron density at the nitrogen atom of imide group (**[3]{.ul}**) ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}), which is involved in the delocalized π--electron system, component peak *K* was shifted to a lower binding energy value (398.74 eV). From the high-resolution element spectra ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c), it can be concluded that the surfaces of the microcapsules were fully coated by thick layers of PDA. These findings are supported by the complete absence of potassium in the wide-scan spectrum of the PDA-modified sample and the brownish color of the microcapsules after the deposition of dopamine and its polymerization.

The model reaction of the PDA-modified microcapsules with DGEBA ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d) strongly reduced the relative amount of nitrogen (\[N\]:\[C\]\|~PDA~ = 0.094 → \[N\]:\[C\]\|~PDA+DGEBA~ = 0.044), while the \[O\]:\[C\] ratio was not significantly affected (\[O\]:\[C\]\|~PDA~ = 0.226 → \[O\]:\[C\]\|~PDA+DGEBA~ = 0.238). Obviously, the epoxy resin, which is formed on the surfaces of the microcapsules, inelastically scatters the photoelectrons emitted from the nitrogen atoms bonded to the microcapsule surface. The inelastically scattered photoelectrons did not contribute to the spectral information but were counted in the spectrum background. The high-resolution C 1s and N 1s spectra provided more information about the success of the grafting of the DGEBA molecules on the PDA-modified microcapsule surfaces. The shape of the C 1s spectrum was changed by the epoxy resin formed during the ring-opening reactions of the oxirane units and their subsequent self-cross-linking. The recorded C 1s spectrum is very characteristic of weakly cured epoxy resins. Beside the main component peak *A* (285.00 eV), which showed saturated hydrocarbons, an intense component peak *C*2 arose at 286.67 eV. This component peak resulted from ^*C*2^[C]{.ul}--O bonds of alcohol (^*C*2^[C]{.ul}--OH) and ether (^*C*2^[C]{.ul}--O--^*C*2^[C]{.ul}) groups, the typical reaction products of the opened oxirane rings.^[@ref76]^ Between component peaks *A* and *C*2, component peak *B*1 (285.84 eV) shows the [C]{.ul}--N bonds of amine groups. The intensity of this component peak (\[*B*1\] = 0.123) is significantly larger than twice the \[N\]:\[C\]\|~PDA+DGEBA~ ratio (\[N\]:\[C\]\|~PDA+DGEBA~ = 0.044), determined from the wide-scan spectrum. This indicates that the secondary amino groups of the PDA molecules were involved as tertiary amines in the depth of the epoxy resin network. In principle, the −OH groups of the catechol units are also able to open oxirane rings and form covalent bonds with the epoxy resin. Nonreacted oxirane groups were detected from component peak *D*2 at 287.79 eV. Such groups, frequently observed in weakly cured epoxy resins, can be reacted by a thermal curing process.^[@ref78]^ Even though its origin is unclear, the presence of component peak *F*2 at 289.16 eV shows the presence of carboxylate ester groups in the epoxy resin network. While component peak *F* resulted from photoelectrons that escaped from the carbonyl carbon atoms (O = ^*F*2^[C]{.ul}--O--^*C*2^C), the photoelectrons of the corresponding alcohol-sided carbon atoms (O = ^*F*2^C--O--^*C*2^[C]{.ul}) contributed to component peak *C*2. The peak area above 290 eV can be assigned to shake-up peaks (Sh), indicating the small contribution of the PDA interphase to the C 1s spectrum. The shape of the N 1s spectrum recorded from the epoxy-reacted, PDA-coated microcapsules was not very different from that acquired from the PDA-coated microcapsules. The origin of the three component peaks *K*, *L*, and *M* is the same as that discussed for the spectrum in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c. However, it is interesting to observe that the relative intensities of component peaks *K* were equal in the two N 1s spectra (\[*K*\] = 0.166), which indicates that the imide-bonded nitrogen atoms (C = ^*K*^[N]{.ul}--C) were not reacted with the oxirane species and, therefore, not bonded to the resin.

This detailed investigation further establishes the XPS technique as a powerful tool to study the chemical structure, morphology, and reactivity of surfaces and contributed toward elucidating how the potentialities of this technique can be applied to study PDA coatings.

3.4. CP-AFM Analysis {#sec3.4}
--------------------

The PCM microcapsules investigated in this work are intended to be included in a polymer matrix, and the resulting mechanical properties of any composite materials strongly depend not only on the interfacial adhesion but also on the intrinsic mechanical properties of each phase. Hence, it is important to investigate the considered microcapsules also from the point of view of the mechanical performance, especially to assess if the PDA coating impairs their mechanical stiffness and strength.

The mechanical response of the microcapsules was investigated through colloidal probe AFM.^[@ref79]^ Measurements were performed in water at 50 °C to avoid the impact of solid wax on the deformation behavior. Microcapsules with a mean radius of 10 μm were chosen for the characterization to keep the size-dependent shell thickness variations stable. The corresponding force--deformation curves are presented in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a. Both capsule types have a broad natural distribution of mechanical behavior under compression including very stiff microcapsules with a steep slope and some softer ones with high deformation at low forces. Thus, there is no visible impact of surface modification on the mechanical stability. The stiffness was calculated as the ratio between the applied force and the measured deformation in the small deformation range, in the initial linear portion of the load--deformation curve, for deformation values up to 15--20% of the shell thickness. Under these conditions, the resulting stiffness depends on the mechanical properties of the shell as well as the surface structure and modification.^[@ref65],[@ref80]^[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b demonstrates the calculated stiffness from the linear part of the force--deformation curves, with mean values of 12.6 ± 6.0 N/m for the modified microcapsules and 13.3 ± 4.9 N/m for the nonmodified microcapsules. In the range of standard deviation, the stiffness of both microcapsule types is comparable, so it can be concluded that the PDA coating does not modify significantly the mechanical properties of the MC shell.

![Mechanical characterization of microcapsules. (a) Force--deformation curves of modified and unmodified microcapsules. (b) Stiffness of microcapsules from the linear slope at small deformations; mean values with the standard deviation are presented in black.](ao0c02271_0013){#fig8}

3.5. Hot-Stage Optical Microscopy {#sec3.5}
---------------------------------

The results of the melting/crystallization test performed on an optical microscope with hot-stage equipment are reported in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, which shows selected micrographs of the neat and PDA-coated microcapsules during heating and cooling ramps. This test was performed to follow the melting/crystallization process of both samples and to visually detect any differences in the behavior due to the PDA coating. At the beginning of the test, both the samples are solid and crystalline, as observable from the bright cores of the capsules in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a,d. As the temperature rises, the core starts melting, and above the melting point, all of the capsule cores are melted, and so almost transparent under the optical microscope, as is observable from [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b,e acquired at 46 °C. During cooling, the recrystallization starts when the temperature falls below the crystallization temperature of the paraffinic core, as is observable from [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c,f, in which some of the capsules have already crystallized. This crystallization temperature is different from that found via differential scanning calorimetry (DSC) (see [Section [3.6.1](#sec3.6.1){ref-type="other"}](#sec3.6.1){ref-type="other"}), due to the different heating/cooling rate. The analysis did not show any appreciable differences in the behavior of the neat and PDA-coated microcapsules, which suggests that the PDA coating does not hinder the melting/crystallization process of the core.

![Thermal-controlled microscopy of microcapsules at different temperatures: (a--c) unmodified microcapsules and (d--f) PDA-coated microcapsules.](ao0c02271_0014){#fig9}

3.6. Thermal Analysis of Neat and PDA-Coated Microcapsules {#sec3.6}
----------------------------------------------------------

### 3.6.1. DSC Characterization {#sec3.6.1}

[Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows the DSC thermograms of the first heating scan and cooling scan on the neat and PDA-coated microcapsules, while the most important DSC results are reported in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. The neat microcapsules show an endothermic peak at approx. 45 °C, indicating the melting of the PCM contained in the microcapsules, while the cooling scan shows the corresponding crystallization peak at approx. 29 °C. Both the phase change peaks are composed of at least two component peaks, which are more appreciable in the cooling scan and would be more resolvable by decreasing the heating/cooling rate of the test. As already observed in previous studies investigating a similar PCM,^[@ref44],[@ref45],[@ref47],[@ref81]^ the presence of multiple peaks stems from a sequence of transitions on heating and cooling. The first smaller peak encountered on heating is probably associated with the solid--solid transition from the solid crystalline phase to the so-called "rotator phase," while the second peak could be ascribed to the solid--liquid transition; analogous transitions are observable on cooling. This description is in good agreement with the thorough investigation on the thermal transitions of *n*-docosane (C~22~H~46~, *T*~m~ = 44.4 °C) performed by Wang et al.^[@ref82]^ In any case, since all of the mentioned phase transitions contribute to the total phase change enthalpy and occur in a relatively narrow temperature range, the precise assignment of the DSC peak is beyond the scope of this work. In previous work, these paraffin microcapsules have been proven to be resistant to repeated (up to 50) heating/cooling DSC tests without losing their heat storage ability.^[@ref46]^ The DSC thermogram of the PDA-coated microcapsules shows the same features of the neat sample, since the shape of the thermograms and the transition temperatures are not significantly different, as is also appreciable from [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. Since the PDA coating does not contribute to the phase change enthalpy, as it does not show any phase transitions in the investigated temperature range, it is reasonable to expect that the crystallization enthalpy measured on the PDA-coated microcapsules (192.1 J/g) is lower than that of the uncoated sample (224.1 J/g). Since the coating process was performed under mild conditions of temperature, pressure, and stirring speed, it can be assumed that the capsules were not damaged during the process and the paraffin did not leak out of the capsule shell, as also confirmed by the SEM micrographs and the XPS results. Therefore, the whole enthalpy decrease can be imputed to the mass gain due to PDA coating, since the specific enthalpy is calculated by normalization of the absorbed or released heat by the total sample mass. If this is the case, the total PDA weight fraction can be calculated through [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} aswhere Δ*H*~c~^neat^ and Δ*H*~c~^PDA^ are the crystallization enthalpies of the neat and PDA-coated microcapsules, respectively. The PDA mass fraction calculated in this way was 14.3 wt %.

![DSC thermograms of the neat and PDA-coated microcapsules (first heating scan and cooling scan).](ao0c02271_0002){#fig10}

###### Main Results of the DSC Tests on the Neat and PDA-Coated Microcapsules[a](#t3fn1){ref-type="table-fn"}

  sample   *T*~m~ (°C)   Δ*H*~m~ (J/g)   *T*~c~ (°C)   Δ*H*~c~ (J/g)   MC (wt %)   PDA (wt %)   *T*~m,2~ (°C)   Δ*H*~m,2~ (J/g)
  -------- ------------- --------------- ------------- --------------- ----------- ------------ --------------- -----------------
  MC       44.7          227.2           29.0          224.1           100         0            44.4            224.0
  MC-PDA   44.3          189.2           29.7          192.1           85.7        14.3         43.8            190.9

*T*~m~, Δ*H*~m~ = melting temperature and enthalpy (first heating scan); MC (wt %), PDA (wt %) = weight fractions of MC and PDA, calculated from the measured melting enthalpy; *T*~c~, Δ*H*~c~ = crystallization temperature and enthalpy (cooling scan); and *T*~m,2~, Δ*H*~m,2~ = melting temperature and enthalpy (second heating scan).

### 3.6.2. TGA Characterization {#sec3.6.2}

[Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} shows the TGA thermograms on the neat and PDA-coated microcapsules, while the most important TGA results are reported in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. As already observed in previous studies,^[@ref81]^ the thermal degradation of the neat microcapsules starts with several small steps between 100 and 250 °C. They can be related to the thermal degradation of some free (nonencapsulated) paraffin and low-molecular-weight compounds, not completely removed after the capsule synthesis. On the other hand, the degradation steps at high temperature are related to the degradation of the capsule core and shell. The considerably narrow peak of the mass loss derivative signal suggests that this degradation is fast and sudden, and it can be related to the degradation of the shell and the abrupt release of the core, as extensively investigated in previous studies on the same paraffin microcapsules.^[@ref43]−[@ref46]^ This spike, also observed in repeated measurements, is lower and broader in the thermograms of the PDA-coated microcapsules. Moreover, the peak temperature was 22 °C higher than that of the neat sample, which indicates an improvement in the thermal resistance. However, the temperatures *T*~1%~, *T*~3%~, and *T*~5%~ are lower than those of the neat MC sample, which suggests that the thermal degradation begins at lower temperatures, as reported in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} and also observable in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. The decrease is probably related to the thermal degradation of the PDA coating, but further studies are needed to fully explain this decrease. Nevertheless, the temperature at the beginning of thermal degradation is well above the processing temperature of the epoxy/MC composites (100 °C) and far above the intended service temperatures, which are around the PCM phase change interval (40--50 °C).

![TGA thermograms of the neat and PDA-coated microcapsules. Residual mass (solid lines) and mass loss derivative (dashed lines) as a function of temperature.](ao0c02271_0003){#fig11}

###### Main Results of the TGA Tests on the Neat and PDA-Coated Microcapsules[a](#t4fn1){ref-type="table-fn"}

  sample   *T*~1%~ (°C)   *T*~3%~ (°C)   *T*~5%~ (°C)   *T*~d~ (°C)   *m*~r~ (%)
  -------- -------------- -------------- -------------- ------------- ------------
  MC       118.4          164.1          241.2          421.2         0.34
  MC-PDA   112.5          158.2          172.5          443.2         9.24

*T*~1%~, *T*~3%~, *T*~5%~ = temperature corresponding to a mass loss of 1, 3, or 5 wt %, *T*~d~ = temperature at the maximum of the mass loss derivative, and *m*~r~ = residual mass.

3.7. Interfacial Adhesion and Characterization of the MC/Epoxy Composites {#sec3.7}
-------------------------------------------------------------------------

[Figures [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}a--f and [13](#fig13){ref-type="fig"} show SEM micrographs of the cryofracture surfaces of epoxy composites containing neat and PDA-modified microcapsules. Most of the capsules are broken due to the cryofracturing process, and this clearly confirms their core--shell structure. From the low-magnification micrographs ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}a,b), it is evident that both the neat and the PDA-coated microcapsules are uniformly dispersed in the epoxy matrix, which is essential for producing a component with homogeneous thermomechanical properties. This suggests that the PDA coating does not induce agglomeration of the microcapsules. What is remarkably different between the two samples is the interfacial adhesion between the capsule shell and the surrounding epoxy matrix, as is appreciable from the medium- and high-magnification micrographs ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}c--f). The PDA coating reduces the gap caused by filler--matrix debonding by promoting the chemical and mechanical interactions between the capsule and the surrounding matrix. The morphology of the coating can be better appreciated in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}; the PDA coating has an irregular surface morphology and the thickness varies significantly from point to point. The thickness was measured on several zones of different microcapsules with software ImageJ and was 265 ± 85 nm, comparable with the thickness of the shell. If it is assumed that the PDA has a density of 1.52 g/cm^3[@ref83]^ and that the microcapsules have an average diameter of 20 μm and a density of 0.9 g/cm^3^ (data from the manufacturer's datasheet), the mass fraction of PDA in the PDA-coated capsules can be calculated as 12.1 wt %, in good agreement with the results from DSC. The details about the calculation of this result are reported in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}.

![SEM micrographs of the cryofracture surface of epoxy matrices containing neat microcapsules (a, c, e) and PDA-modified microcapsules (b, d, f) at different magnifications.](ao0c02271_0004){#fig12}

![SEM micrograph of the cryofracture surface of an epoxy matrix containing PDA-modified microcapsules showing details at the high-magnification level.](ao0c02271_0005){#fig13}

![Approximate calculation of the PDA mass fraction on a single microcapsule. *r*~MC~ = total microcapsule radius (core + shell), *t*~PDA~ = PDA layer thickness, ρ~PDA~ = PDA density, ρ~MC~ = density of the microcapsules, *V*~MC~ = volume of a microcapsule, *V*~PDA~ = volume of the PDA phase deposited onto a microcapsule, *m*~MC~ = mass of a microcapsule, *m*~PDA~ = mass of the PDA phase deposited onto a microcapsule, and ω~PDA~ = mass fraction of PDA on a microcapsule.](ao0c02271_0006){#fig14}

Although the PDA layer does not directly contribute toward increasing the total energy that can be stored and released in a TES process involving these PCMs, this remarkable increase in adhesion can benefit the thermal properties of the host composite. As evidenced by Su et al.^[@ref84]^ and recently confirmed in a study by our group dealing with the same microcapsules and the same epoxy matrix as those used in this work,^[@ref46]^ adhesion enhancement could significantly increase the thermal conductivity of the whole composite, as suggested by many studies from the literature, but further tests are needed to prove this hypothesis for the samples of the present study.

The XPS analysis suggests that the main mechanism of adhesion enhancement is the creation of covalent bonds with the epoxy matrix during curing. Therefore, the same improvement of adhesion could probably be achieved with a thinner PDA layer; this would also reduce the total deposited PDA mass, which would decrease the PDA weight fraction, thereby increasing the total phase change enthalpy. The optimization of the PDA deposition parameters to tune the PDA layer thickness will be the subject of upcoming studies.

4. Conclusions {#sec4}
==============

In this work, a PDA layer was successfully deposited onto the outer shell surface of paraffin microcapsules, and the resulting coating considerably enhanced the adhesion with an epoxy matrix. The morphology and roughness of the PDA layer were studied through microscopy techniques such as SEM and AFM, which evidenced that after PDA coating the surface roughness increased from 9 to 86 nm, which is beneficial, as it allows a further increase in the interfacial interaction by mechanical interlocking. FTIR and XPS techniques have been employed to comprehensively study the surface chemistry and assortment of reactive functional groups of the PDA layer to elucidate its complex chemical structure and configuration. XPS also highlighted that, unlike the uncoated microcapsule shells, the PDA layer is able to react with oxirane groups, thereby evidencing the possibility of forming a covalent bond with the epoxy matrix during the curing step. Hot-stage optical microscopy and DSC tests pointed out that the PDA modification does not hinder the melting/crystallization process of the paraffinic core. DSC results were also useful to estimate the deposited PDA mass fraction, which was 14.3 wt % of the total PDA-coated microcapsule sample. Finally, the SEM micrographs of the cryofracture surface of epoxy composites containing neat or PDA-modified microcapsules clearly evidenced improved adhesion between the capsule shell and the epoxy matrix and allowed an estimation of the PDA layer thickness as 265 ± 85 nm. These results establish the PDA as a coating material with considerable potential for increasing the interfacial adhesion in epoxy--matrix composites containing polymer microcapsules, which is remarkably important not only for this specific application but also in the field of self-healing composites or toughened polymers. Future work will focus on investigating how the parameters of PDA deposition influence the morphology, roughness, and thickness of the PDA layer, and how these features in turn affect the enhancement of the interfacial adhesion. Moreover, attention will be focused on evaluating how the PDA layer and the interface resist multiple thermal cycles, and how this affects the mechanical and thermal properties of the host epoxy matrix.
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